Abstract-We report measurements of electron response of scintillators, including data on 29 halides, oxides, organics, and fluorides. We model the data based on combining the theories of: Onsager, to account for formation of excitons and excited activators; Birks, to allow for exciton-exciton annihilation; Bethe-Bloch, to relate electron stopping to its energy; and Landau, to describe how fluctuations in the linear energy deposited (dE/dx) lead to nonproportionality's contribution to resolution. In general there is satisfactory agreement with experiment, in terms of fitting the electron response data and reproducing the literature values of resolution. We find that the electron response curve shapes are more affected by the host lattice than by the activator or its concentration.
I. INTRODUCTION
W ITH the advent of scintillator detectors such as SrI Eu and LaBr Ce that offer energy resolution of FWHM 3% at 662 keV, it has become clear that an improved physics understanding is needed to overcome the barrier imposed by nonproportionality's fundamental limit to the achievable resolution [1] , [2] . Recent reviews have highlighted the importance of understanding electron response [3] - [6] , [52] . Utilizing the instrument referred to as SLYNCI (Scintillator Light Yield Nonproportionality Compton Instrument), herein we report on the electron response of 29 scintillators. SLYNCI is a second-generation instrument to the original device developed and extensively exercised by Valentine and coworkers [7] , where several new principles of operation have served to increase the data rate [8] , [9] . In the present article, we further develop the model first introduced in [10] that describes electron response, the light yield as a function of electron energy (in Paper I of this series). Some of the scintillator materials from [10] (Paper I of this series) are included here again, so that we are able to uniformly apply our model to all 29 materials and deduce certain conclusions, particularly to find that classes of materials (defined mainly by the host) have similar electron response curves. The model developed here builds on the original work of Murray and coworkers [11] , [53] , [54] , and on the understanding of excitons [12] . The focus of early papers on nonproportionality has been on the production of -rays as the source of statistical fluctuations [13] , [55] , while in contrast the present work explores the significance of Landau fluctuations to account for the degradation in resolution. This distinction is mostly one of semantics, as in both pictures the root cause of these fluctuations is the amount of energy transferred to knock-on electrons by the primary electron as it passes through the material. In the -ray picture, the emphasis is on higher energy transfer interactions while the Landau fluctuation picture emphasizes lower energy transfer interactions; however the energy ranges in the two pictures overlap since knock-on collisions between electrons can occur at both low and high energies. Nevertheless, we do not formally include -rays in our analysis, which likely impacts the resolution to some extent. In [10] , we described how the classic theories of Onsager, Birks, Bethe-Bloch and Landau could be combined to model the electron response curves and deduce its contribution to resolution. We account for the formation and transport of carriers and excitons, and the efficiency by which they transfer their energy to the activators while facing competition from nonradiative decay pathways.
Researchers are continuing to add new insights to scintillator nonproportionality [14] . For example, Setyawan et al. explored the possible link between the effective masses of electrons and holes to electron response [15] . Williams and coworkers looked closely at how electron and hole mobilities influence transport near the ionization track on the picosecond scale [16] . Dorenbos and coworkers have introduced an entirely new approach for characterizing the electron response of scintillators, capable of obtaining data to 1 keV [17] . Kerisit et al. combined the spatial distribution derived from the NWEGRIM "with a Monte Carlo kinetic code to allow the excitons to migrate and potentially self-annihilate" [18] . Bizarri and coworkers are exploring an alternative framework of utilizing kinetic equations, which can model both the electron response and the light decays [19] . The Discussion section addresses current research areas by these and other authors in detail. Overall, scintillator nonproportionality is a vibrant field where new ideas and data are being introduced [6] .
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II. MODEL
The basic equation describing the number of full-peak photoelectrons produced in the photodetector of a scintillator is [20] : (1) where is the number of electron-hole pairs generated, is the gamma energy, the scintillator bandgap, is a constant known to be on the order of 2.5-3.5 from wide bandgap semiconductors [21] , is the efficiency by which the carriers' energy is captured by the activators, and is taken as the efficiency by which the activators emit photons which are subsequently collected and photodetected into the full-peak. Accordingly the relative variance (proportional to resolution) in the number of photoelectrons of the scintillator is given by (2) where the contributions to the resolution are, in order, from the cascade, nonproportionality (i.e., carrier capture by activators), photon statistics and electronic noise. This paper will be concerned with the term since it determines the electron response, whereas the other terms were reviewed in [10] . Eq. (2) is based on the implicit assumption that these four processes are uncorrelated, which cannot be rigorously proven but seems reasonable.
We begin by presenting, with abbreviated explanation below, the equation previously employed to model the light yield [10] , described here as a function of :
where the light yield efficiency from capture of carriers by activators is parameterized in terms of the linear electron energy deposit, , which can be related to the electron energy using the modified Bethe-Bloch equation [22] : (4) where is the electron density given by , mass density, is the additive atomic number of all elements in the compound, is Avogadro's number, MW is the molecular weight, I is the ionization energy, is the elementary charge, and the extra term has been added for greatly improved accuracy at low energies. The ionization energies, I, were obtained from the NIST website [23] . For our actual analysis, we employ the well-known relativistic form of (4) . While the term has no physical meaning, it has been used in this paper and others [22] to more accurately account for the low energy stopping data of materials (with , see below). There are four fitting parameters in (3): is an overall normalization parameter for material's light yield, which we have utilized to normalize the data at 450 keV; and are Birks and Onsager parameters (with the Birks terms historically denoted as the inverse of "kB"); and is the efficiency by which free electrons and holes are formed during the cascade (denoted as in [10] ). Fig. 1 offers a brief summary of the underpinning for our model. As pictured, the Birks mechanism involves exciton-exciton annihilation, as suggested originally in the context of organic scintillators [24] . It leads to the decrease in light yield at the lowest electron energies, which corresponds to the highest dE/dx and carrier concentration; as such, it is a second-order process in ionization density. Materials with low magnitudes of experience the greatest exciton-exciton annihilation. Exciton-exciton annihilation occurs when they come into "contact", roughly within the exciton's electron radius, . As noticed from Fig. 1 , all materials empirically evidence a decrease in relative light yield at the lowest electron energies. Fig. 1 also shows that some materials additionally evidence an increase in light yield at high electron energies. This is modeled on the basis of the classic Onsager mechanism arising from Coulombic attraction of carriers within the Onsager radius [25] , [56] , either to form excitons from electrons and holes that then migrate to the activators, or due to sequential electron-hole capture at the activator. The Birks and Onsager mechanisms are depicted in Fig. 1 . Further details are available in [10] . Finally, the capture efficiency of the high-energy electron must be integrated along its trajectory from the initial energy, , to the final ionization energy to model the data:
where (5) is essentially an average along the electron's trajectory, . Equations (3), (4) and (5) together are used to fit the electron response data. In order to empirically assess the value of , we have previously compared the Bethe-Bloch equation with the detailed calculations of Vasil'ev to deduce that [10] , [26] , [57] . Here we have performed an additional computational exercise utilizing the output from the GEANT4 code to describe the nature of Landau fluctuations.
These fluctuations were modeled stochastically within GEANT4 by sampling a simple parameterization of a Landau distribution (Physics Reference Manual, GEANT4.9.3, [27, p. 64] ). We built a GEANT4 model of a NaI crystal, and simulated electrons within the crystal at 3 keV, 30 keV and 300 keV (Fig. 2 ). Particularly at low energies, is not constant and it is important to choose step sizes (measured in terms of energy lost) that are "small" with respect to the total kinetic energy of the electron, but not so small as to introduce non-physical "apparent" variations in . "Landau fluctuations" are statistical variations in the as the primary electron is slowing down. To account for their relationship to the resolution, we first recast the carrier capture variation term of (2) as (6) where the magnitude of can be evaluated from the fitted electron response curves. Next we employ Landau's normalized function of stopping fluctuations, recast by Moyal, as [28] ( 7) where (8) We now compare the analytical Landau theory derived from (7), (8) , and (4), with the numerical output of GEANT4 code, as plotted in Fig. 2 for the case of NaI. Again, we empirically find that a low energy correction with is required for accuracy in the low energy regime (by substituting ). We can see that the peak values match well, and the width, representing the fluctuations, agrees accurately for 300 keV and 30 keV electrons, and reasonably well for 3 keV within 20% (where it is uncertain whether the residual difference is due to deficiencies in GEANT4 or the analytical theory). We can also utilize these plots to deduce the full width at half maximum (FWHM) to be (9) which can be directly substituted into (6) . The value of 3.6 was derived by simply plotting the function and noting the FWHM value.
We are now ready to explore nonproportionality's contribution to the resolution of a scintillator. It is recognized to consist of two independent phenomena relating to: (1) variations in the distribution of primary electrons created by the gamma photon [7] , [29] , [30] , and (2) fluctuations in the of the high-energy electrons along their trajectory. However, here we are assuming that the Landau fluctuations predominantly account for the effect on nonproportionality. It is necessary to sum the Landau fluctuations in quadrature along the electron trajectory (since they are expected to be uncorrelated) to obtain the resolution: (10) It is noted that (10) has been slightly modified from the original version of [10] , in that a factor of was added to the integrand, which was a prior oversight.
III. DATA
Electron response for all samples was measured using the SLYNCI, a Compton coincidence instrument described in [8] , [9] . We begin by analyzing the electron response for BrilLanCe 380 LaBr Ce and a crystal from RMD for concentrations varying from 0.5% to 30%, as plotted in Fig. 3 , and for which the fitting parameters are reported in Table I .
From the parameters in Table I , it is apparent that the value of has been held constant, since the fits are relatively insensitive to its magnitude. In fact, we decided to hold its value constant for all materials studied in this paper since it is fundamentally related to Coulombic attraction and little improvement in the fits is realized by varying its value. It is noteworthy that far worse fits are achieved by holding constant and varying
. It is seen that the exciton formation efficiency decreases from 18.5 to 12% as the Ce concentration rises from 0.5% doping up to 30%. Also, the exciton-exciton annihilation parameter, , concomitantly increases; we observe this same effect for LSO(Ce) below. This small but measurable change is likely because the Ce ions are able to more effectively capture the carriers and excitons at higher doping, effectively suppressing exciton-exciton annihilation. This effect might be more aptly described as being dependent on the mean Ce-Ce separation rather than the Ce concentration itself. Table II summarizes the source of all the input parameters used in the model for the materials of this study.
Next, we report on the electron response data obtained for, in order: alkali halides, simple oxides, silicates, fluorides, multivalent halides, and Gd-containing compounds. The data for the alkali halides follows in Fig. 4 , where NaI(Tl), CsI(Tl), and CsI(Na) are plotted. These curves are in reasonable agreement with previously reported data [7] , [29] , [31] , [58] , [59] . The fitted parameters for the electron response data are listed in Table III for the alkali halides (and also for all of the other compounds that follow). The main observations are that the substitution of Tl for Na in CsI does not lead to a significant difference, and also that both NaI and CsI have unusually large values of , implying that there is a high fraction of free electrons and holes that can experience attraction to excite the activator via the Onsager mechanism relative to the excitons "born" during the cascade. The identity of the activator is secondary to the impact of the host on electron response. Here we can recall that we are not able to distinguish between sequential electron/hole transport to the activator and the formation of an exciton that then migrates. At this juncture we are unable to speculate as to how this initial division between "born" excitons and "free" holes and electrons varies among different host media, other than to recognize that the detailed processes of relaxation from high energy excitations (such as plasmons) to thermalized carriers lead to these differences.
The electron response curves for "simple" oxides are plotted in Fig. 5 and fitted parameters are listed in Table III . These materials have a structure wherein the oxide anion is not complexed to a cation and the oxygen retains much of its O character. These materials have garnet and perovskite structures; the chemical compositions are YAG Y Al O , YAP YAlO , and LuAG Lu Al O . Interestingly, we see that the Birks and electron-hole efficiency factors are similar for these materials in spite of the different cations and structures, suggesting that the key common feature is the oxide anion. Moreover, we see once again that the identity of the activator, whether Ce or Pr, has little influence on the electron response from our data. Swiderski et al. found that the resolution of LuAG(Pr) was significantly better than LuAG(Ce), by about 1%. Furthermore, all the oxides are highly proportional due to the large Birks parameters, and as evidenced by favorable calculated resolutions. The YAP(Ce) data agrees reasonably with that of [31] , [58] , [59] where there is overlap, although the data from that paper is essentially a horizontal line from 450 keV to 15 keV while the data in Fig. 5 decreases about 5% over this same interval. The low energy decrease in [31] , [58] , [59] is sufficiently smaller than what we observed that we are perplexed by this disagreement in the present and literature data sets and believe further study is warranted, for example by having the different researchers studying the exact same samples. On the other hand the small predicted degradation of resolution by nonproportionality of YAP(Ce) (2.16%) is indeed consistent with resolution results.
The electron response curves for the silicates appear in Fig. 6 , and the associated fitting parameters are in Table III . While a silicate is also formally an oxide, the oxygen is intimately bound to the silicon (as a SiO moiety). In contrast to the simple oxides, the silicates have very low Birks parameters leading to sharp drop in the light yield proceeding to the lowest electron energies. The difference between the two types of oxides involves greatly enhanced exciton-exciton annihilation for the silicates. The chemical formulae for the silicates are LSO Lu SiO , YSO Y SiO , and LPS Lu Si O . As was the case for the simple oxide, the exchange of Y for Lu does not have a major impact on the electron response. Also, the addition of Ca as a co-dopant has a minor effect. In comparing two lutetium silicates we find the LPS is considerably less proportional than LSO [32] , but the essential character of the curves is similar, again implicating the silicate anion as being the main determining factor for the basic shape of the electron response curve. The gamma nonproportionality of these same crystals have been studied [33] . Finally, the concentration series of Ce-doped LSO is plotted in Fig. 7 where it is clear, as was the case for LaBr Ce , that for lower doping is smallest (133 MeV/cm for 0.02% while 185 MeV/cm for the two higher doping levels).
The electron response curves for two fluorides [32] are plotted in Fig. 8 , and the associated fitting parameters are listed in Table III . We notice that the factor associated with electron-hole attraction is zero in this case, meaning the Birks mechanism alone can fully model the shape of the curves (i.e., use of a single fitting parameter). The value can be accounted for by assuming that either all of the carriers are created as free excitons that then potentially arrive at the activators, or by assuming that the both the holes and the self-trapped excitons have no significant mobility. The electron response curves for several different kinds of organic materials are plotted in Fig. 9 [34] , and the parameters are in Table III . The similar values for among these materials and the fits are somewhat surprising given the different natures of these materials, which include polymers (commercial EJ200 and PVK dye-doped polyvinyl carbazole), single crystals (stilbene and bibenzyl), and commercial liquid scintillator. However, it is not unreasonable to suggest that all of the carriers are initially created as excitons for organics, or that the electrons or holes have such limited mobility as to be entirely deactivated. While the values are the lowest we have measured, the low density and correspondingly low of plastics results in favorable predicted resolutions, implying that the moderate resolution normally obtained from this class of materials is mainly dictated by other phenomena, moreover being somewhat confused by the absence of a photopeak. Although both singlet and triplet excited states are created during the cascade, the triplets are largely non-emissive leading to the low overall light yields typical of these types of materials. Our thought is that the resolution of 8% [35] is not limited by nonproportionality for plastics, but it also seems that the photon counting statistics alone cannot account for the low resolution; under these circumstances the nonproportionality would need to be about 6%, which is much more that the 3.5% we predict in Table III . It is possible that there is an additional statistical variance associated with fluctuations between the triplet and singlet populations, although this is pure speculation at this time.
The electron response curves of so-called multivalent halides appear below in Fig. 10 [36] , where the positive charge on the cation is greater than one. These materials are comprised of metal ions that are divalent or trivalent, in contrast to the monovalent cations of alkali halides. The main repercussion of this aspect of their composition is that the parameters tend to have an intermediate value, smaller than alkali halides but larger than the oxides. Due to this situation, these materials have an overall favorable balance of parameters, such that the predicted resolution is quite favorable.
The last class of materials which we have identified is crystals for which gadolinium is stoichiometrically incorporated in the structure (Table III) . These scintillators have significantly different Birks or Onsager parameters, observed by comparing GSO Gd SiO with LSO and YSO (see Fig. 6 ), or, less so, GYGAG Gd Y Al Ga O with YAG and LuAG (see Fig. 5 ). The observation of a striking increase in Birks parameter for GSO implies that a different physical mechanism is operative, since we have seen many times that "classes" of materials normally evidence noteworthy similarity. The proposed mechanism for the enhancement of the proportionality is depicted in Fig. 11 , where it is noted that in materials of this nature we may expect the carriers and excitons to rapidly transfer their energy to an excited state of gadolinium. For stoichiometric gadolinium compositions it is well-known to expect rapid migration of the energy among the Gd sub-lattice until the energy reaches a cerium ion and transfers its energy. It appears that this type of energy migration mechanism is more efficient than the usual migration of carriers and excitons. The reported gamma response mirrors this same trend observed in comparing GSO with LSO and YSO [37] , [38] . While we have reproducibly found that GSO is more proportional than LSO and YSO according to the SLYNCI data, researchers have also found that GSO(Ce) consistently offers lower resolution, perhaps due to the influence of trapping on the statistical fluctuations. The GYGAG(Ce), a transparent ceramic in this case, evidences a larger parameter (Table III) leading a increase to lower energy (Fig. 5) , an interesting but unexplained phenomenon at this point.
We have previously shown that, within experimental error, the predicted and experimentally deduced values of nonproportionality's contribution to the resolution are in reasonable agreement (see tabulation in [10] ) for cases where there is overlap in the two values from the literature [2] , [38] - [43] . The SLYNCI data reported herein was acquired on many scintillators first studied by Valentine, including NaI(Tl), CsI(Tl), CsI(Na), YAP(Ce), LaCl Ce , LSO(Ce), and CaF Eu [7] , [29] - [32] , [58] , [59] . Agreement is good in most cases, especially in light of our finding that the electron response is somewhat dependent of the pedigree of the sample, as evaluated in detail for NaI(Tl) [43] . From the results in this paper we know that the shape of the nonproportionality curve can be impacted by the concentration of the activator, which could account for some differences. For resolution comparisons, the resolution is deduced experimentally by subtracting the impact of photon statistics such that the remaining resolution is ascribed to nonproportionality. However, this method could be compromised by either sample inhomogeneity or the presence of traps that may add a further statistical contribution. One example is that of GSO(Ce) for which we predict a nonproportionality resolution of 2.6%, while the measured value deduced to be 5.0% [5] , [52] . On the other hand, from data in the same paper there is agreement that GSO(Ce) is much more proportional than LSO(Ce). While further experimental work is needed, we suspect that the GSO(Ce) resolution was degraded by either traps or inhomogeneity, and involving sample-to-sample variability. In closing, we offer some judgment and comments on the error of the fitted parameters. Generally, for nearly all of the scintillators, the values are accurate to about 1% (directly additive/subtractive) while the Birks parameters are accurate to 5% (i.e., by multiplying by 1.05/0.95 of the value). A few of the data appear to systematically deviate from the modeled curve, the worst perpetrators of which are LPS(Ce), YAG(Ce), and the PVK polymer. The rest of the data sets quite faithfully follow the model, with uncertainties as noted above. For some scintillators, there can be significant variation from sample to sample as we found for NaI(Tl) at room temperature [44] and as Moszynski has found for pure NaI studied at low temperature [45] . Sample variation can be alleviated with certainty only if the same materials are studied.
IV. DISCUSSION
In this section, we attempt to relate more specific physical mechanisms to the particular parameters of our model. Although the comprehensive understanding of nonproportionality is somewhat uncertain today, this discussion section may serve to prompt consideration of different ideas to facilitate the ultimate emergence of a universal approach to modeling nonproportionality.
As depicted in Fig. 12 , during the cascade generated by the initial high energy electron(s), free electrons and holes as well as free excitons are created; we refer to these excitons as being "born" during the cascade. This partition between these two types of carriers is phenomenologically incorporated into the parameter of the present model. The free excitons are highly mobile although their usual lifetime is on the order of nanoseconds or less. They may suffer one of three fates: transfer their energy to activators, interact with each other to annihilate by way of an Auger-type process, or deactivate to the self-trapped state. The bi-excitonic annihilation process is accounted for by the Birks parameter. The self-trapped excitons are formed from free excitons or by combining electrons and holes. They are known to migrate with hopping type transport, and therefore they are also able to transfer their energy to an activator, endure exciton-exciton annihilation [encompassed in ], or simply deactivate to the ground state (accounted for with ). This attraction of free electrons and holes to form excitons is described by the Onsager mechanism with ; they could also sequentially arrive at an activator (again via the Coulombic attraction by the Onsager mechanism); or carriers could become captured by a deep traps and eventually deactivate . Compared to the well-known mechanistic diagram of Rodnyi [46] , this diagram is simplified, for example by not explicitly including plasmons, phonons, core excitations and radiation damage; it is instead focused only on the low-energy phenomena.
Our observations based on the data and modeling are summarized as follows:
• Materials with a similar anion tend to group as a class with qualitatively similar electron response curves, somewhat irrespective of crystal structure or activator, (noting that bromide and iodide anions are conventionally regarded as similar species).
• Monovalent halides (i.e., alkali halides) evidence the most enhanced Onsager-mediated light yield increase at high electron energies compared to multivalent halides ( 20%), simple and silicate oxides ( 10%), and fluorides and organics ( 0%).
• The Birks parameter is most favorable for simple oxides MeV/cm , compared to 450 for halides, 300 for fluorides, 150 for silicates, and 100 for organics.
• The Onsager parameter is taken as constant because the fits are insensitive to changes in the value, and since the changes in the electron response curve shapes are in contrast found to be quite sensitively affected by the other two adjustable parameters. In other words, the Coulombic attraction between carriers is a crucial effect but quite similar for all materials studied.
• Electron response is measurably affected by both the identity of the activator and its concentration, although to a significantly lesser extent than the material classes discussed above.
• Gadolinium-based compounds are significantly impacted by energy migration on the gadolinium sub-lattice. The main finding is that the materials group into host classes which predominantly dictate the qualitative shape of the electron response curves. This observation might be construed to imply that there are a limited number of effects which dictate the basic shapes of the curves. The key physical processes which potentially impact the fitting parameters are suggested to be:
• magnitude of carrier capture by the activator, which serves to compete with exciton-exciton annihilation, ; • partition between free electrons/holes and "born" excitons during the cascade, ; • Coulombic attraction of carriers, ; • deactivation by traps and nonradiative recombination, . The goal of independently evaluating each of these mechanisms requires additional fundamental results beyond the information available from electron response studies. As described below, recent explorations from the literature are suggestive of the basic mechanisms involved in each of these contributions.
Let us consider the possible impact of the activator's capture cross section for carriers. The exciton radius can be estimated with , where is the Bohr radius, is the dielectric constant of the material divided by the permittivity of free space, and is the ratio of the electron mass divided by the effective mass in the material. Using the static dielectric constant of and for NaI we obtain nm. In other words, the exciton radius is roughly comparable to the mean separation between activators and migration may not be required for the exciton to have an activator within its electron radius for typical doping levels. For this picture, the work of Canning et al. [47] is relevant, where they have modeled the interaction of the activator excited states with the host conduction band, as is mediated by the neighboring host anions and cations. This interaction should influence the relative contributions of exciton activator energy transfer versus exciton deactivation and exciton-exciton annihilation. In other words, the wavefunction delocalization and energetic position of the activator's excited states should determine the effective capture cross section for excitons, as well as for free electrons and holes.
Next, let us consider that the host may determine the initial partitioning of electrons and holes versus excitons by the cascade. As the nature of the cascade, leading to the ultimate formation of thermalized carriers (i.e., electrons, holes and excitons), is complex-for example involving such quasi-particles as plasmons-its repercussion on nonproportionality is just beginning to be understood. Vasil'ev has calculated this division between free carriers and excitons using a polarization model [26] , [57] on the basis of dielectric constant of the material over the entire relevant energy range, where he notes the formation of clusters of carriers having enhanced interactions. Williams and coworkers [16] have developed a concept whereby the relative diffusion rates of the free holes and electrons "fleeing" from the concentration gradient in the initial track promote capture of independent carriers at activators rather than immediate formation of excitons, causing the ratio of free carriers vs. excitons to vary along the track. They surmise that "ideal" scintillators would have high mobilities for both electrons and holes. Setyawan et al. have calculated the effective masses of free carriers and arrived at a similar suggestion [15] . Williams' theory is that the mobilities re-establish the spatial distribution of carriers within several picoseconds following the cascade, thereby determining the exciton population density. Gao and coworkers [18] , [48] offer another approach for calculating the partition between free electrons/holes and excitons by rigorously accounting for all of the processes eventually leading to the formation of elementary particles during the cascade. Interestingly, they find that the resultant ionization density from the cascade is far from uniform, effectively being "clumpy" and leading to enhancements of density-dependent processes. They utilize the calculated spatial ionization density distribution as the starting condition for allowing the excitons to migrate and potentially self-annihilate in competition with nonradiative decay and arrival at the activators. It is plausible that the amount of "clumpiness" of the ionization density could be a major factor in nonproportionality, impacting the "post-cascade" formation of excitons and recombination at activators (Onsager-related phenomena) as well as exciton-exciton annihilation (via the Birks process). As noted, Vasil'ev [26] , [57] also calculates the formation of quasi-particle clusters with his polarization model. It is noteworthy that the large change in the electron response parameters in passing from Ce-doped LSO and YSO to GSO, implies that exciton-exciton annihilation is strongly suppressed in GSO(Ce) by localizing the energy on the gadolinium sub-lattice, followed by fast migration to the cerium activators.
In order to delve more deeply in scintillator physics, both Williams [16] and Bizarri [18] , [26] , [57] have additionally fit the electron response parameters to the emission decays on the picosecond and nano-micro-second scales, respectively, to constrain their parameter set. Interestingly, Bizarri proposes that traps play a larger role in electron response than previously thought for NaI, and this conclusion may perhaps pertain to all materials. These types of independent experiments may help elucidate deactivation and formation phenomena encompassed in the term. Williams has ascribed the ultrafast rise time behavior to the electron-hole interactions that form excitons and excited activators. Both Williams and Bizarri have included a second Auger term in addition to exciton-exciton annihilation, which is cubic in the carrier concentration.
The present model is distinct from all other models in that it is "parsimonious" in employing only two adjustable parameters for each scintillator [ and ] , found to be sufficient to fit the electron response curves of many different materials and for deducing the predicted resolutions. (As detailed above, two other parameters are held constant amongst all the materials, and ). The broad applicability of the present model may be regarded as benefitting from its phenomenological nature, wherein the aforementioned Birks, Onsager, and initial electron/hole/exciton partitioning parameters represent an aggregate of numerous individual mechanisms being explored by researchers today. As touched upon, researchers are proposing many creative concepts to explain portions of the detailed mechanistic underpinning of nonproportionality. That said, the simplicity of material groupings observed, together with the smaller but measurable impact of activator identity and concentration, would suggest that there are only a few predominating mechanisms that differentiate scintillators.
From the data in Table III and the associated analyses in this paper, our contention is that multivalent bromides and iodides doped with emitters like Ce , Eu , and perhaps Pr will perform well as scintillators, offering high light yields and good proportionality. For the comparison among prospective high-performance detector candidates, the materials may well be distinguished more so by "practical issues" such as the activator distribution coefficient, polishing, starting material availability, crystal growth, emission wavelength match to photodetectors, etc.-rather than modest differences in the resolution degradation from nonproportionality. In addition to LaBr Ce , LaCl Ce and SrI Eu , other multivalent halides such as Cs LaLiB Ce [49] and Cs BaI Eu [50] have been found to offer resolution on the order of 3% at 662 keV. One material that in principle could break the proportionality barrier currently at 2% is GdI Ce [51] , a material possessing the combined advantages of being a multivalent iodide while also having gadolinium for fast migration on the Gd sub-lattice to suppress the Birks mechanism. This material however has evidenced strong plate-like, cleavable growth habits, limiting the size of crystals, and moreover is characterized by a long emission wavelength non-optimally matched to PMT detectors. Overall, one can assert that the present is a time of scintillator discovery that will likely lead to many more interesting material candidates over the next decade, especially as the profound physics of nonproportionality and scintillators becomes more fully elucidated.
V. SUMMARY
We have utilized SLYNCI to obtain electron response data on 29 scintillators, and have applied a model to describe the carrier dynamics to fit the data of the relative light yield versus electron energy and to calculate the energy resolution. The theory of Onsager was adapted to explain how the carriers form excitons or sequentially arrive at the activators to promote the ion to an excited state by way of Coulomb attraction. The theory of Birks was employed to allow for nonlinear interactions, particularly exciton-exciton annihilation at low electron energies. The classic theory of Bethe-Bloch was utilized, with a low energy correction factor, to relate the electron stopping to its energy. Lastly, we developed a model to deduce the degradation in resolution that results from nonproportionality by invoking the influence of Landau fluctuations, the magnitude of which was validated by comparing Landau's analytical theory with the output from GEANT4. There is agreement with the data in general, in terms of fitting the electron response curves and reproducing the literature values of nonproportionality's contribution to the scintillator resolution. There are, however, some discrepancies with the literature as discussed above, which are open questions at this point in time.
We have classified scintillators into seven material groups: alkali halides, simple oxides, silicates, fluorides, organics, multivalent halides, and Gd-containing compounds. The Onsager mechanism is strongest in the alkali halides, while the Birks quenching mechanism is strongest in the silicates and organics. The electron response is secondarily impacted by the activator concentration, as a detailed study of the cerium concentration dependences of LaBr Ce and LSO(Ce) reveal a measurable but modest change. We have attempted to relate the phenomenological parameters of our model to mechanisms operative among the cascade, carriers and activators, and to the work of others in this field. While we have analyzed a very broad set of data in quantitative detail, it is clear that basic scintillator physics is presently a rapidly changing field, as new information and ideas are actively being reported. 
